Background. Placing inpatients with presumed active pulmonary tuberculosis in respiratory isolation pending results of serial sputum acid-fast bacilli (AFB) smear microscopy is standard practice in high-income countries. However, this diagnostic strategy is slow and yields few tuberculosis diagnoses. We sought to determine if replacing microscopy with the GeneXpert MTB/RIF (Xpert) nucleic acid amplification assay could reduce testing time and usage of isolation rooms.
Transmission of tuberculosis in healthcare settings poses a risk to vulnerable patients and healthcare workers. In the 1990s, multiple nosocomial outbreaks affecting patients and healthcare workers in the United States were attributed to delayed diagnosis and inadequate respiratory protections in hospitals [1] [2] [3] [4] . In response, the US Centers for Disease Control and Prevention issued "Guidelines for Preventing the Transmission of Mycobacterium tuberculosis in Health-Care Facilities," recommending administrative measures for systematically screening patients for active tuberculosis, use of personal respiratory protection devices by healthcare workers, and respiratory isolation of patients presenting with signs and symptoms of tuberculosis pending serial negative microscopic examination of sputum smears for acid-fast bacilli (AFB) [5] . These principles have proven effective in reducing the frequency and duration of exposure to patients with infectious tuberculosis in emergency departments and inpatient facilities [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Unfortunately, this approach is inefficient at identifying tuberculosis patients in low-burden settings. Rapid diagnostic algorithms based on clinical symptoms are nonspecific, and sputum smear microscopy requires several days to complete and is insufficiently sensitive to detect all cases of infectious tuberculosis [16] [17] [18] [19] . Furthermore, negative-pressure respiratory isolation facilities are costly and the need for airborne precautions can delay tests and procedures done in hospital areas without this capability. In addition, patients may experience opportunity costs such as lost income, lost housing if residing in shelters, and lost positions in substance abuse and behavioral treatment programs. They may also experience stigma [20] . These costs and delays are unnecessary for most patients, as only a small proportion of those placed in respiratory isolation actually have tuberculosis. A rapid testing strategy allowing patients who test negative to be removed from respiratory isolation more quickly would benefit patients and healthcare facilities.
In 2008, Campos et al found that performing the GenProbe M. tuberculosis direct nucleic acid amplification test (NAAT) (Hologic, San Diego, California) on a single sputum sample could differentiate inpatients with from those without infectious tuberculosis as accurately and up to 2 days sooner than serial sputum smear microscopy [21] . Unfortunately, this strategy has not been further evaluated nor widely implemented, in part because of concerns about cost, uncertain reliability, and limited impact on clinical decisions [22] [23] [24] [25] [26] [27] [28] . Recently, however, there has been renewed interest in molecular testing following US Food and Drug Administration (FDA) approval of a novel, semiautomated NAAT, GeneXpert MTB/RIF (Cepheid MTB/RIF, Sunnyvale, California; hereafter referred to as "Xpert"), for diagnosis of active pulmonary tuberculosis, based on its high sensitivity and specificity for smear-positive tuberculosis and moderate sensitivity for smear-negative tuberculosis [29, 30] . Several recent analyses suggest that use of NAATs in general, and particularly of Xpert, could be cost saving compared with serial sputum microscopy for triage of inpatients into and out of respiratory isolation during evaluation for active pulmonary tuberculosis [22, 23, 31, 32] . Here, we add to that evidence with prospective observational data on the diagnostic accuracy and predicted turnaround time for Xpert in an inpatient setting in a low-burden country. We use these data to estimate the potential impact of Xpert on respiratory isolation usage.
METHODS

Study Patients
From March 2012 to March 2013, we performed a prospective observational study to measure the hypothetical clinical and public health impact of the Xpert assay on utilization and length of stay in inpatient respiratory isolation rooms. We used a hypothetical trial design, comparing the accuracy of diagnostic strategies and estimating the potential impact of each strategy on clinical decisions and patient-important outcomes [33] . We included consecutive patients admitted to the inpatient medical service at San Francisco General Hospital for evaluation for pulmonary tuberculosis. Patients submitted at least 2 sputum samples for AFB smear microscopy from 1 of 9 hospital wards (and the emergency department) on the order of a physician. Each ward is equipped with negative-pressure respiratory isolation rooms, in accordance with hospital, state, and federal guidelines [6] . However, San Francisco General Hospital policy allows discharge from respiratory isolation after only 2, rather than the usual 3, negative examinations of concentrated sputum smears, because the incremental yield of a third exam is low [34] . To complete the microbiological evaluation, clinicians are encouraged to order a third sputum sample for mycobacterial culture and speciation.
Procedures
The hospital microbiology laboratory performed microbiologic and Xpert testing according to standard protocols. A clinical laboratory scientist performed standard N-acetyl-L-cysteine (NALC)-sodium hydroxide (NaOH) sputum concentration (final NaOH concentration of 1.5%) for smear and mycobacterial culture [35] . Smears from concentrated pellets were stained with auramine-rhodamine and examined with fluorescence microscopy. Mycobacterial culture was performed using Middlebrook 7H11 solid media (Remel, Lenexa, Kansas) and BacT/ Alert MP, a modified Middlebrook 7H9 liquid media (bioMérieux, Durham, North Carolina). A clinical laboratory scientist performed Xpert on a residual concentrated sputum pellet (0.5 mL) prepared from the first sputum specimen (or the second when the first pellet had a residual volume <0.5 mL or was unavailable). Staff were not blinded to test results, but in all but 2 smear-negative, Xpert-negative, culture-negative cases, microscopy results were reported prior to Xpert. In all cases, smear and Xpert results were available before culture results. Xpert results were not reported, as the assay was not FDA approved at the time of the study. The clinical laboratory scientist performed routine quality-control procedures (Supplementary Data).
Measurements and Statistical Analysis
We collected clinical and demographic information from electronic medical records and the microbiology laboratory database. We calculated diagnostic accuracy (sensitivity, specificity, and positive and negative predictive values) with exact binomial 95% confidence intervals (CIs) for smear microscopy and Xpert in reference to a gold standard of any positive mycobacterial culture among the first 3 sputum samples collected within 7 days of admission. We defined the smear examination as positive if there was any positive result among the first 2 sputum samples collected within 7 days of admission, and negative if there were at least 2 negative results. We excluded patients who had only 1 sputum smear examined, if negative, because the final smear status of these patients could not be determined.
We recorded the time from the written order for hospital admission to laboratory-documented completion of each of 4 key processes in testing inpatients for active pulmonary tuberculosis: (1) time to receipt of the sputum sample in the laboratory, (2) time to processing the sample and preparing smears, (3) time to reporting of smear results, and (4) time to discharge from the hospital. To capture the overall amount of time that patients with presumed tuberculosis consume hospital resources while awaiting results, we calculated the median interval between admission and each of these points for all patients.
Based on these measures, we estimated the hypothetical turnaround time for Xpert, based on several assumptions. We assumed that Xpert would be performed on a single "concentrated" (ie, NALC-NaOH processed and centrifuged) sputum pellet at the next standard testing time (3 hours after sputum concentration, performed once daily in the lab at 4:00 PM; the "concentrated Xpert strategy"). We assumed Xpert results would require 3 additional hours, including the time required to prepare the specimen (35 minutes for sample processing and loading into the testing cartridge, based on previous direct observation [31] ), perform Xpert testing (1 hour and 40 minutes), and report the result to the managing clinician (45 minutes). Finally, we assumed that the results of the single Xpert test would immediately be used to discontinue (if negative) or renew (if positive) isolation orders. We measured the median hypothetical duration of isolation for patients without tuberculosis from admission to Xpert result. We compared this with the observed median time required to obtain the second negative smear result, which we also assumed would immediately be used to discontinue respiratory isolation orders. We defined the difference between these times as the median time in a respiratory isolation room saved with the Xpert strategy, a measure of the individual impact. We aggregated individual time differences to estimate total time saved during the 1-year study period, a measure of the public health impact.
We conducted a sensitivity analysis assuming that Xpert testing would be performed on "direct" (ie, unconcentrated) sputum collected during initial evaluation in the emergency department ("direct Xpert strategy"). We assumed that Xpert results would be available 3 hours after the receipt of sputum in the laboratory, including time for processing, testing, and reporting, as described above. We performed all analyses using Stata software, version 11.0 (StataCorp, College Station, Texas).
Ethics Approval
The University of California, San Francisco Committee on Human Research approved the study, and waived the requirement for informed consent on the grounds that the study posed minimal risk to patients. These results have been presented in abstract form [36] .
RESULTS
Study Patients
Among 237 admissions to the inpatient medical service for evaluation for pulmonary tuberculosis, there were 46 (19%) episodes in which the samples submitted were of insufficient quantity for Xpert testing after removal of the volumes required for routine smear microscopy and culture (Figure 1 ). Thirteen (5%) were not tested for other reasons, including delayed sample delivery and unavailability of the Xpert machine because of routine maintenance. In 2 (0.8%) instances, Xpert reported an "error"; in 2 others (0.8%), Xpert reported an "invalid" result; these were not repeated. We excluded 32 patients whose final smear status could not be determined because only 1 sputum sample was collected, which was smear negative. In total, 142 inpatient admissions were included; 3 patients provided specimens during 2 separate hospitalizations, with each episode analyzed independently.
The median age of patients was 54 years (interquartile range [IQR], 43-60 years). Thirty-two (23%) patients were female. Includes 6 samples rejected for culture because >3 days had elapsed since collection, 4 samples that were not tested for reasons that were not documented, 2 specimens that arrived when the Xpert machine was not operating because it was undergoing routine maintenance, and 1 specimen that was not one of the first 2 samples collected. Three patients provided specimens for the study on 2 separate admissions, with each episode analyzed independently. Abbreviations: AFB, acid-fast bacilli; Xpert, Gene Xpert MTB/RIF assay.
Forty-two (30%) were seropositive for human immunodeficiency virus, and 25 (18%) were homeless. Five (4%) died prior to hospital discharge (Table 1) . Nine (6%) tested sputum AFB smear positive; 8 (89%) of these were culture positive for tuberculosis, and the other grew Mycobacterium abscessus from multiple sputum cultures. One AFB smear-negative patient had a positive tuberculosis culture, for a total of 9 (6%) tuberculosis culture-positive patients.
Diagnostic Accuracy
Smear microscopy had moderately high sensitivity ( ; 95% CI, 63%-100%). The one smear-negative, culture-positive patient was also Xpert negative. Seven patients with positive Xpert results tested negative for rifampin resistance mutations. One had an indeterminate rifampin resistance result; phenotypic drug susceptibility testing found the patient's isolate to be rifampin sensitive.
Processing Times
From hospital admission, it took a median of 13 hours (IQR, 8.2-20 hours) for a smear order to be placed (Figure 2) , and 19 hours (IQR, 14-39 hours) for sputum to reach the laboratory. It took a median of 31 hours (IQR, 25-50 hours) from admission to the start of sputum processing, and 44 hours (IQR, 38-64 hours) until the first smear result was available. Overall, it took a median of 65 hours (IQR, 56-85 hours) from admission until a final smear diagnosis (first positive or second negative smear result) was obtained, and a median of 66 hours (IQR, 58-85 hours) to a final negative smear diagnosis (2 negative smear results). All smear-positive, culture-positive patients were also Xpert positive. The single smear-negative, culture-positive patient was also Xpert negative.
Abbreviations: AFB, acid-fast bacilli; smear, AFB smear microscopy; Xpert, GeneXpert MTB/RIF assay. 
Concentrated Xpert Strategy
Hypothetically, if the laboratory protocol were to perform Xpert testing using concentrated sputum at the next available standard testing time (results available 3 hours after completion of sputum concentration), we estimated a median time from admission to Xpert result of 34 hours (IQR, 28-53 hours; Table 4 ). This would have reduced time spent in unnecessary respiratory isolation by a median of 35 hours (IQR, 24-36 hours). Aggregated across all 133 patients with negative tuberculosis cultures, this would have saved a total of 159 days (95% CI, 75-242 days) of unnecessary respiratory isolation during the 1-year study period.
Direct Xpert Strategy
If the laboratory performed Xpert testing directly on unconcentrated sputum collected at initial evaluation in the emergency department (results available within 3 hours of arrival in the laboratory), median time from admission to Xpert result would have been 4.5 hours (IQR, 2.9-10 hours; Table 4 ). This would have reduced the time spent in unnecessary respiratory isolation by a median of 45 hours (IQR, 35-46 hours). Aggregated across all 133 patients with negative tuberculosis cultures, this would have saved a total of 258 days (95% CI, 227-288 days) of unnecessary respiratory isolation during the 1-year study period. Abbreviations: AFB, acid-fast bacilli; CI, confidence interval; IQR, interquartile range; smear, AFB smear microscopy; Xpert, GeneXpert MTB/RIF assay. a Collection of 2 sputum samples on separate days for N-acetyl-L-cysteine-sodium hydroxide (NALC-NaOH) concentrated acid-fast bacilli smear microscopy.
b Collection of 1 sputum sample for processing using NALC-NaOH concentration and testing by Xpert.
c Collection of 1 sputum sample for direct testing by Xpert.
d Savings reflect within-patient differences and are not equal to differences between medians for each strategy. 
DISCUSSION
Respiratory isolation utilizes substantial hospital resources, and imposes significant opportunity costs in the form of lost hospital room availability and patient and provider time. Given the low diagnostic yield and high costs associated with isolating patients with possible tuberculosis in low-burden settings, and the negative impact that delayed triage of patients into and out of scarce respiratory isolation rooms has on the quality and efficiency of services delivered to patients, modifications of the current standard smear algorithm are needed [37] . We estimated the potential impact of Xpert for reducing time spent in unnecessary isolation based on observed local sputum processing times for smear microscopy, and conservative assumptions about sputum processing times for Xpert. Our findings suggest that using a single sputum Xpert test to guide inpatient management decisions could reduce the median duration of time in isolation by nearly 2 days, thereby saving hundreds of days per year in isolation room occupancy. Our study confirms the previously described low yield of tuberculosis diagnoses among patients placed in respiratory isolation in low-burden settings [16] [17] [18] [19] ; only 6% of inpatients undergoing evaluation for pulmonary tuberculosis had cultures positive for tuberculosis. Furthermore, we have shown that standard sputum concentration services do not achieve rapid turnaround times, with patients waiting a median of almost 3 days before receiving a second negative smear result, which is necessary to have isolation discontinued. Using a single negative sputum Xpert result to exclude infectious tuberculosis could allow >90% of patients to be removed from isolation in <1 day. Our findings complement those of Lippincott et al, who found that the sensitivity of a 1-specimen Xpert strategy was identical to that of a serial smear microscopy strategy and could reduce median time in isolation by 46 hours [38] . We have previously shown the 1-specimen Xpert strategy to be highly cost saving in the inpatient setting [31] ; time and cost savings would likely be even greater in hospitals that require 3 negative sputum smear results prior to discontinuation of respiratory isolation, rather than 2 results as at our hospital. Several other analyses have demonstrated that implementing Xpert and other NAATs for this purpose could result in considerable cost savings [22, 23, 32] . These data, combined with the well-established greater sensitivity of Xpert [30] and its benefits to patients in reduced time spent in isolation, should lead to a reevaluation of current guidelines, which recommend serial sputum testing with smear microscopy, NAAT, or combination of these assays for triage of respiratory isolation rooms [39] .
We did not assess strategies using >1 Xpert test because their projected costs would be prohibitive in our public hospital setting. At a tuberculosis prevalence of 5%, the number needed to test with a second Xpert to find 1 additional smear-negative tuberculosis patient is around 200 [38] . At our institution, this would cost >$350 000 per incremental smear-negative, Xpertpositive patient identified [31] . About 90% of the incremental cost arises from the isolation room cost associated with waiting an additional 24 hours to collect a second sputum [38] ; future studies might examine the feasibility, yield, and cost of doing >1 sputum Xpert in a single day.
Our study has a number of strengths. First, we provide data on the diagnostic accuracy of Xpert MTB/RIF in an inpatient population in a low-burden setting, where there have been few data to date. Furthermore, the added information on potential impact helps fill an important gap for evidence synthesis and policy making on the use of Xpert MTB/RIF for the indication of triage of inpatient respiratory isolation rooms [40, 41] . Finally, we add to the general literature on the impact of tuberculosis diagnostics in low-burden settings, which is limited [42] , by providing an example of an efficient and innovative approach to generating data on potential impact using the hypothetical trial design [33, 43] . Given its simplicity, safety, and low cost, we hope that in the future more diagnostic studies will use this design to provide information on impact to enhance the value of these studies to policy makers.
Our study has several limitations. First, because of the low number of tuberculosis cases, we have incomplete information about the sensitivity of Xpert compared with smear microscopy for our patients. Nevertheless, there is abundant evidence that the sensitivity of Xpert is substantially higher than that of smear microscopy, even in low-burden settings [30] . Moreover, the low prevalence of tuberculosis in this setting means that the negative predictive value of Xpert is high; providers can therefore be confident in management decisions based on a negative Xpert result. In addition, although we tested only concentrated specimens, and no direct specimens, limited evidence suggests that Xpert performs similarly on either specimen, especially in detecting or excluding smear-positive tuberculosis [29, 44] . It should be noted that negative test results, whether obtained using Xpert or microscopy, should complement and not replace clinical decision making. If a physician still believes there is risk of tuberculosis following a negative result, a patient should be kept in isolation while additional workup is pursued. A second limitation is that we excluded a large number of specimens of insufficient quantity for Xpert testing. This is not surprising, because the study algorithm required that Xpert be performed on residual sputum. In practice, a separate specimen would likely need to be collected to have sufficient quantity for both Xpert and mycobacterial cultures. If the direct method of Xpert testing were adopted, collecting 2 specimens would be necessary because a direct sputum sample is unsuitable for culture after Xpert sample reagent is added [45] . A direct sputum specimen would ideally be obtained at the time of the initial patient evaluation in the emergency department to minimize time to decisions about isolation. A third limitation is that because we examined hypothetical rather than actual turnaround times for Xpert testing, our estimates of impact may be optimistic. Should the direct Xpert strategy be considered for adoption, it would be important to evaluate the capacity of hospital laboratories to perform Xpert on specimens as they arrive, given local staffing levels and workflow requirements. Finally, an inherent limitation of hypothetical trials is that we cannot evaluate how the results of either strategy would ultimately be used in practice by clinicians [33, 43] . Whereas our previous analysis demonstrated that our approach would be highly cost saving [31] , we assumed that clinicians would use Xpert in the same manner as smear. However, it is possible that clinicians would order Xpert tests more often than smear, given its ease and rapid turnaround time, potentially leading to increased costs. Well-defined testing criteria would therefore be important to limit the number of unnecessary Xpert tests. In addition, it would be useful to see implementation studies confirming that our predicted turnaround times can be achieved in practice. However, given the high clinical and operational plausibility, potential value for clinical decision making, and cost-effectiveness [31] that we have demonstrated, it would be reasonable to introduce either the direct or the concentrated Xpert strategy in actual practice, with close evaluation and monitoring to determine its real-world feasibility, acceptability, and impact.
In conclusion, implementing Xpert testing for inpatients with possible pulmonary tuberculosis is likely a high-impact strategy for reducing respiratory isolation of patients unlikely to have tuberculosis in low-burden settings. In addition to improving the care experience for inpatients, routine use of Xpert could result in great cost savings and improved patient flow through the hospital.
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